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Abstract

The nucleation rate of silver deposited from the

vapor phase onto a sodium chloride substrate has been

studied -as a function of substrate temperature and

incidence rate. The experiments have been performed

in an ultra-high vacuum system on a substrate -cleaved

in situ. The results are found to be in agreement with

a theory based on the assumption that the critical

nucleus is a single atom for high supersaturations and

contains three atoms at the Lower supersaturations

employed. Using theotheory a value of 0.4 ev has been

obtained far the adsorption energy of silver on sodium
chloride., Itig also estimated that the activation energy

for surface diffusion is less than 0.2 ev, and that the

dissociation energy of the cluster of three atoms is

o2.i ev.
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Introduction

In the formation of vapor deposits there is reason

to believe that in most cases the eritical nucleus is

very small, containing less tham fiv to seven atoms.

For such small nudlei the classical Aucleatior rate

expressions are not i4d, (An alternate expression which

is also valid for omall cluster& of atom has been

derived in a previQus publication in vhich the nuileatieo
o,

rate iLs given in generl& by, 0

n No*a N ita[eX a((Thl )a+En ) Ik'

a, nu+Eb, of awns in tte Critical nucleUS

R rate of 1ncidence from the vspQrw, em- 2 2ec" °

°No a number of a4sorpttio Site$ pie cm. of sirface

o v * frequency of-vibration

Q * kinding energy of a single atom to the gurface

Ea•- 4tssefatiom energy of the critical nucleus

0V activatioti energy for diffusion o

a0 e distance covere' its a single diffusion jump.
o;

*At th~e high3 supersaturattion limit the critieal aucleus

becomes & single atom. If this is so, then = 0 and

the0 ucleation rate becemes

"N~a,%(-N expR (2Qad-QD)/kT o2)
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As the supersaturation is lowered, a point will be

reached at whteh the nucleation rate is no longer given

by Eq. (27. Equation () is the ýate of formation of

pajr$ and will only hplb 4s long as a pair is stable,
0

and as I@ng as ft'z Varabiliy a decaying is less tham

it's probability of grvwing, £.e., when it's probability

of decay is less than one-halt. The nucleation rate Co

a first approximation is calculated in generaI as the rate

of formation of the smallest cluster whose probability
0,

69 decay is less than ofte-half. It the supersaturation

I l redso that a paiV becomes unstable because the

binding of one atom to anolher is insufficient to prevent

the decay of the pair ijto two single atoms before it is

joUled by a third, theyi & con.iguratign with twQ bonds

yer atom can become tile smallest stable°pluster, i-e.,

the smallest cluster wQose probability of decay is less

than one-half. Of the large omber of possible con-

figgrationo which haVe a rninimu o two kodsd per atom

these with the siallest number of atoms will be favored

because the concentration vf * cluster 4ecreases rapidly

with its sie. The smallest cluster with te required

minimum of two bon4s toa 4 tiav'gular coliigutation of

three atoms (Fig. 1b). it caf be seen (Pig. lb) that

this will lead tg an orientation of the film such. that a
ao

(i11) pjane is parallel to the substratc. However, when

face centered cubtc metals are deposited on a sodium

chlvride cleavage falee the resultant orientation is a
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(100) plane parallel to the surface. This orientation

will result if the cluster consists of four atoms in a

square (Fig. 1d). Thus it can be concluded that in this

case the nucleation rate is given by the rate at which

the fourv atom cluster is formed. The critical nucleus

In this %ase will be the configuration of three atomsL 0
phown tln Fig* 1q, and the nucleation rate is given by

_j,13 , t mtxpi't4Qadr QD ,

w~lareF.3 it, &re dlggoriati!Y Wferg of rhe C~-u~er sIow*,wj

0)

In fig. le.
9,0(Vo= A/a 2sfor ?Var1, 'Jig jL is asimwed th¶at the

hasft4ing ioreas ý)ewee41 VIP. ads Q;bec atevs avf: the, SU
strate are' n Ot directional.) 01 o,

¶he p•rgatxa ar Uhch t;ie XranstLQn OQ•urs from0

O@e Wel.os to the OtiheZ.an be ettained b; equating

%cis. (2)ý and (3)* Tus th~e tranit~igon tempera~ttie Ig
,o 0

l,•2 E3 +Qa:4

It I CRPvN I

is less favorec.2 In faet ie does occur ia stfficient

concentraftol for a (M)• orle.1tation to kbe' ect-ed
3o

when g'btd ts deposited ong NaCl. Nevertheless, it is

probably adequate t& neglect the appearance of tfe tIll4e

orientation and use 1q. ,I3) for the nucleation rate.,
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If the supersaturation is lowered still further a

point will be reached at whiich the smallest stable

cluster with a minimum of two bonds has a probability

gjeater than one-half of decaying. 9qjaulori Ls t~iraO

no longet valid, and larger critida1 jiuclej must ýIe C

sideredej kHwevetr, &3iis 'will not be doife "Age

the purpose r,,f ithis, wo is td6 egamine the, April..

Cab~iity af Eqs. *ýC2 anO1 (I) tv the tomnation 41 a *t11ei'

edPPSit on JCl.,) Speoii~Lally die foliovz.-ig po~ints Vill

bet Considere 4,

Yn It the repviyit whelve F~.4, (2) ihQjdS the iiutleation

rate Is proporetouai, V> X' and wheV41 Eq., (3) ~vl

Itf is pr~pOrtiona1 tco, R~ W

1*1 The rre-expbnentdal _Lgims may- Ic talCulated agid

c). 'The va~ug of t1je I divid~i~ t-ems £i- the exporanC1aI

rtay br. detenruifted) vtnc6) ther-e are thtree eqcatiovs avai!~blev,

a * * * 2ý. 3~, arid: and tI~rie %inknowiiSw In additfto, A. Waeful

ifldcpe11telt check oil, these valtie*, ean then Se obtained ine

t~hL& rollaviipg vayf

Itl is charaicteristic of the-fvrmatioei of tei6 teosig

athat as ae~ach t~ja nd grows it act$ v a sinj faov slutit

atOms tYi Wt& ~inufedSla~e oesbrod" TbetS eagh growbig

pareiele dejiletea ai se3!rtic$ing iregtoen Tjje gactitt of

0 athis regi~il is to a girs appuxmciiot tOle average dUstaw

a4~ atonj may d~i~fse ol¶ th~ sirfate tefore it evaporat6-

the diffuslo* dis~a~geq Pe dfsit snes given by 4

Th ifst -ta~
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d- a° exp(Qad-QD)/2kT (5)

As nucleation proceeds and more particles appear less

surface is available for nucleation. Nucleation should

in fact stop when the depleted wegions eveavap. If

this is true then the diffsim •istafiee, and, henee
'7 0

(Qa-QD) may be 4etermitted fAmo the gaturatio tiumbef @f

ii particles .

S4ý Fi•all the epita~a~l,• 9&4hm•8te &,ho~lld ba relatedý

0•

to tht S;Ibstrate si e an ti t u it4etce rate%)

an cx~re~seqrI2 gimlu41? to E6. (4i)o I& Is Ucin:IC.l oxcept

that f~t4 ot 112= LP e gntqy of & sinegl btbd V bn

s single atom &04 the pCawf•l a clusnee 8uld o ppe• a

The epergay of the sifgle bt size t1 ShQUI be less

thiiQwe-4 t(: 112 E 0 bv! greater t'aa V.1e gne~jw of

a single J~ovi4 in the b-41k ctystal, since for a sea

the biftdiftg e1terg? *f at# s~tgm ý6 CA %luser c4fl 'be C

ckpeete4 to vary inversely With~ the size oj the. 4.usters

This expression is derive4 by &ssuming? that

an atom is bound to the guWia& tartire by 4, sing~e

b,6ft a11 40es T Tlea¢Ie the, qar'iqe be•fore another atom

arrives, 4 single orieftt~tion 'will not be possible. On

the other hand, if it must be bound by two bonds to be
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stable then an orientation will be produced. Thus the

simple argument presented above ignores the possibility

that the atom may diffuse to a more favorable position

on the cluster.

Experimental

Basically the experiments eonsist og determining

the nucleation cate as a -unetion of substrate temferae0

tuire an• ,ncidence tate, TO? reddee Ae protlems

I nduee4 t~y uncetstra1ed rgontami~ation kja empe.jimeaItS

49e carried out In an ult- ash-i.i, ii wysle m £, a A.*

Ort~ae cleaved i stij

The fqstem Ls stowlAw hlematitallr ji' FI. 2# lft•

° aeuunu srstem ýs a P bateable mecal gseng akd 4 (

0 ~eapalble 49 a bas6 preSOMATe of YkegT.he0 2 ap4i 3 x

of 1-rg artee' bakilsg Otst, 4t S,0600 1) approx(matellp dix

hours.

The source consisited vj 4 Caitaaun) !;trip i4°).

depression in tk~e Ceeiter Vaiicý;i torwins the sltveir,

The souree was hgate4 by pasa.iig a goresut of about o

15 amperes through the. tartaLum Stri. The •emperure

was meagul-ed by a eA.omelealun•e thes-moeoup1e spe

welded to the depeession tn the tantalum sT®. c was

found to indicate a temperatUe a9 the. melting, Poit of

silver within C, of the frde melting 19int. *After

suitable outgassing it was possible to evaporate a silver

at a suitable rate with a pressure in the system less than

1 x 10"9 mm of Hg. Detailed views 90' apart are in Fig. 3.
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The NaCI substrate was a single crystal about
a

5 mm x 5 mm x 3 cm held in a copper block by a spring.

The copper block was heated externally by a nichrome

heater and it's temperature measured by a chromel-

alumel thermocouple. 0

a The~substrate was cleaved by a razor blade intro-

duced into the system through a stainless steel bellows.

The experimental procedure used was to bring the

source to temperature before the qystal was gleaved.

The condensation of silf.et etfecti.Aely statted tqhen the

erystal elealredo It was %o1%tI•ed jor a pe~giied length,

of ti.me, and stopped •' Et~irimng qfi the girrent to the

so•urce.

The crystal wt1til e 4ep~sjt tas %Uei4 removed from

the system, the deposit Vag sAawe& with platinimw,

backed with carbon and the svUstrate isspive4 awal.

The replica produced in thIS Vaj $aa e~amied in the
*01

electron miqrgscope wheite t~ie i~i~mltel off i~jands o4

deposit were counted. WIAS Ugmber 4t•ided br the time
0

of the evaporation yelded Oie ftlc3eatý6i4 Tate.

For this poced-dre to 5?eld the true Imcleatoie

rate it was important thaf the taturatlen effee$

referrea to in the introduction ýe almided. fThIs was

verified by shielding half the crystal witt the Vazo4

blade midway through the evaporation and determining

whether the concentration of deposit on one half was

twice that on the other, or not.
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Results and Discussion

Before discussing the results in detail it is well

to review the major apparent sources of experimental

error.

It is obvious that particles of dimensions smaller

than the resolution limit of the microscope were not

counted. In practice even those slightly larger than

this could not be detected becainse of the grain size of

the particles of shadowing fia4et44. A lecoia sourse

of error appeared to •e agsociav,4 w•,ka the stripping

process: There was some reagoe to iete~e tUat oaxtisesa
0

smaller than about. 4QA , sgze jA aiet. Ftm tie
0 0

length of the shadox' it tas deter"nfed that the particles

were about as high as tAe• %veiee OS4eO ;hs the$p weve

growing uniformly 4n all 4ite4ttlens, and at steady state

their linear dimensiom must. e V0po#•lnnat to 4'Le f

root of the time. In the res~sIts to �e Suote4 t
O

largest particles observed were Wetwee* 001 aft4 2QOA

in width so that, the fatticles w4kh Oeist •Indekeeted

must have beem growing 4et a tfaelo•r ef the time of the

experiment which was

(4 "

Therefore the error due to not counting particles smaller

than 40A is not more than about 6%.

A third possible source of error is due to the
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effect of residual gas in the vacuum system. However

during preliminary experiments the system pressure

during an evaporation lasting five minutes varied from

run to run by a factor of 10 (from 8 x 10-10 mm to

3 x 10- mm) without any notieeable effect on the deposit.

The substrate and soitce temperature were held to

0 0.5 0 C, and the error due to ftuctuations in these

temperatures is negligible,

Finally the efgeet ol i u*•ti9 and impe~rections

in the crystal in tiueLeating Qbe deposit stould b Son-

sidered. The effect of stefs il *te entLatlj

nucleating the deposiS is sbawn I* AV&. P. Zt is gleat

that this effect cam be Iteadily id leS an4 elimisaaed
0 0

as a source of erroiSy te siemplereT t *4 counang

betwee6ti, stepse T9rSn lmpejý.ttios on the purtaee

such as emeweont dislocatiOU B tAIfm j 4toms cav4iot

be ideimtLe4 as 4ea4ity* I19weoE*. it is poss~ble V

discount the effect o4 &b~e £e.ets i& the present work

since some cate was taPIea.to*wo.* at paetidle detsities

which were as hig4 as 9.eBiýe %Aoi•t Vatdtation effects

becoming a problem; *

Let the numbes of 4eje~t siteg gef Unit area of

surface be Nd, and assume. It 4 < N.. Let the

additional binding emntgP .D a aluster of size n to the

site be Qn. Then at equilibrium the number of clusters

of size n on defect sites pef unit area of stirface, N',

will be, assuming N' << Nd"*n d•
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NA Nn Qn/kT

Ndý N ne (7)d o-

The nucleation rate is
+

I' -N'nrn* *(8)

+

where is the rate of arrival of single atoms at the

nucleus of size n*.

Thus ' canbe b'wltten

Tf A lf • (9)

410
o 6

sinte I =

0 0

The rate •' is Vhe ;afe per unie a~ea of surfaee.

However, what is pt@ab¶1;P m~te Ugni.fieant is that the

time to consume a fixed if'at@Ln of the available defect

sites is a factor e iAies the 40me to exhaust the 0

same fraetion of tk normaj sit-es. jbiLs js significant

for the folfowing weaten. Ie tItal- ueleati.i rate oru

the free surraee ts I 4 0 Xo@ V to, be a signi$eant

correction,
e 4cT

If Nd is less tha 109 q m-. 2 them the imperfections

can be neglected since a typical particle density is

1010 cm 2 . If Nd is greater than about 1012 cm 2 they
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would be detectable by other means. Thus the defects are

only troublesome if they occur in concentrations of

i10 -10 cm 2 . But if this were so, Qn from Eq. (10)

would have to be of the order of 0.3-0.4 ev. The pre-

exponential would be lower by a factor of 10"4-10- and

the experimental results would no longer agree with Eqs.

(2) and (3).

The results are shown in Fig. 5. and Table I. The

source used foj the incidenee rates of 6 x 1013 cm- 2 sec"1

San• 2 • 3 cm-1 se#-I was aec~dentally destroyed before

the absolste 4iajij &Z t'z( i•cidenq rate could be determined.

The valsies qotef Ikee *alWated from jhe geometry of the

system us& 4aptj ptt€stje Aata from ionij, However,

the relative magnitudes av exact, and sorrespond to a
0

ratio or Ehatee in t4 fe4at*ve incence rates.

tsimg a seecnl ýaufte# Cfcleation gates were deter-

mnined at the %owet s4stfate temperatiges. *The incidence

rate was measuved iu ýf; ease bp weighing the silver

0 i ceposited for a 4xe4 4eupth of time and was found to be

I x 10 3 em see

The resutts 4t i pgj.dt an "aatiatiom energy"

above the tansition lempelattr( gi a.*7 ev6 a transition

temperature between- 24 a~d , apd balow this an

"."activation energy" of b.,9 qv.

A change in ineidence rate, df a factor of three

above the transition temperature resulted in a change

of the nucleation rate of 100. Below the transition
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temperature a change in nucleation rate of a factoc of

six corresponded to a change in the incidence rate of

about two. In this latter temperature range two

different sources are being compared so the ratio of the

incidence rates given is only approximate.

As a further check it is possible to substitute

values for R, V, and No, in the appropriate equations

and compare the nucleation rate obtained in this way

with the experimental value. On a perfect sodium

chloride cleavage face there are 6.6 x 1014 sodium atoms.
0

If it is assumed that the silver atom is bound to the

surface by non-directional forces there are four

adsorption sites around each sodium atom,2 and No is then
15 2 12 -lo0

2.6 x 10 atoms/cm. A value for v of 10 sec is

probably appropriate on surfaces. In fact using a value

of Qad of 0.4 ev, obtained from the experimental results,

and making the assumption that the adsorbed atom is a

harmonic oscillator whose potential energy is equal to

this value at a distance from the potential energy

minimum equal to the radius of a silver atom, the same

frequency is obtained. This to some extent justifies

the above choice. With these values the calculated value
-27 -2 -i

of the pre-exponential is 3 x 10-27 cm sec , and the

measured value is 3 x 1028 cm" 2 sec"I for an incidence
rate of 6 x 101 3  -2 -

For an incidence rate of 1 x 1013 cm" 2 sec", below

the transition temperature the value of 4R(R/VN0 ) is
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1.5 x 10-1 cm 2 sec-, compared to the measured value for
-1 -2 -',1

the pre-exponential of 6 x 10- cm sec'.

Considering the assumptions made in deriving Eqs.

(2) and (3), and the errors involved in the experiment,

the agreement between the two is adequate.

Above the transition temperature the plot of In I

against I/T yields

& Qad + E3-QD)= 3.8 t 0.2 ev

From the transition temperature

Qad +1/2E 3 )= -kT in (R/VNo) 1.5 ± 0.1 ev

and from the results below the transition temperature

(2Qad-QD')= 0.7 t 0.1 ev 0

These results are consistent with values of

Qad = 0.4 ev and E3 = 2.1 ev. Unfortunately the accuracy

is insufficient to do more than place a limit oR QD"

QD appears to be less than 0.2 ev.

An independent check can be obtained from the

diffusion distance, as previously discussed. The

maximum density of particles of deposit at 220'C is

l0II cm-. Thus(Qad-QD)= 0.33 + 0.02 ev, which is

consistent within experimental error with the above

values.

__________
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Thus the agreement between theory and experiment

can be considered adequate considering the experimental

errors involved and the assumptions made in deriving

Eqs. (2) and (3).

The effect of substrate temperature on the

orientation of the deposit is shown in Fig. 6. The

deposits formed at 48°C and 150°C show considerably

less orientation than the deposit formed at 220'C. 0

However, the lower temperature deposits are by no means

amorphous, thus diffusion effects are important, and a
0

rigorous treatment of the epitaxial temperature should
0

take these into account. Neglecting this effect it is

possible to place limits on the energy of the single

bond to the growing cluster, using Eq. (6) and this

energy appears to lie between 0.7 ev and 0.9 ev. This
o

is eonsiderablg higher than the single bond energy in

o the crystal, thus it may be concluded that it represents

the binding energy of a single atom to a very small

cluster. o

Conclusions

1. It is possible to develop an expression for

the nucleation frequency of condensation of a metal

vapor in terms of the structure of the critical nucleus

and its configuration on the surface. The validity of

this expression has been determined experimentally for

the deposition of silver on the cleavage face of sodium

chloride for conditions where the critical nucleus is

expected to be very small.
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2. Surface imperfections strongly influence the

nucleation rate but their effect can be resolved in

terms of exposure time and substrate temperature.

The observed effects of surface temperature on the

stability and orientation of the silver deposit can

also be interpreted in terms of the model.

0

OC

©0
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TcTABLE I

Substrate R Time # of

Temp. 'K cm-2sec-I secs Partices/cm 2 cm-2sec-1

552 6 x 1013 300 5.2 x 10 9  1.7 x 10 7

533 • " " 8.7 x 1010 2.9 x 108

"600 3.4 x 10I 5.7 x 10 7

=.T i 107
S548 " f' 2.7 x 10 45 x 10

6539 64 x 1010 1.1 x 10 7

523 2 x 1013 600 9 x 10 9  1.5 x 107

514 " " 3.3 x 10I0 5.5 x 10 7

513 1200 6 x 10 0  5 x 107

"503 600 4 x 1010 6.6 x 10 7

502 1 x 1013 1200 1.2 x 10 1 0  1.0 x 107

514 " 2400 1.9 x 101 0  7.9 x 106

493 1800 2.7 x 1010 1.5 x 10 7

492 1200 1.8 x 1010 1.5 x 107
C



List of Figure Captions

Fig. 1 - Two dimensional clusters.

Fig. 2 and 3 - Experimental apparatus.

Fig. 4 - Nucleation on imperfections.

Fig. 5 - Nucleation rate vs. substrate temperature.

Fig. 6 - Electron diffraction patterns of silver deposited

on a cleaved sodium chloride substrate at 480,

at 150'C and at 220'C. (Incidence rate, 1014 cm- 2

sec- )
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